Treponema denticola is a major pathogen of chronic periodontitis. Analysis of the T. denticola genome revealed a gene orthologous with a cysteine protease-encoding gene from Streptococcus pyogenes (IdeS). IdeS interferes with IgGdependent opsonophagocytosis by specific cleavage of IgG molecules. Analysis of this gene (termed ideT) revealed it to encode a two-domain protein whose N-terminus is composed of tandem immunoglobulin-like domains followed by a C-terminal IdeS-like protease domain. In this study we show that during secretion the IdeT protein is processed into an N-terminal fragment which remains associated with the cell, and a C-terminal part released into the medium. Although the secreted domain of IdeT, termed dentipain, shows only 25% identity to the IdeS protease, the putative catalytic cysteine and histidine residues are strongly conserved. Recombinant dentipain cleaves the insulin b-chain, an activity which is inhibited by E-64, a diagnostic inhibitor of cysteine proteases. Apart from insulin no cleavage of other protein substrates was detected, suggesting that dentipain has oligopeptidase activity. A mutant strain was constructed expressing a modified IdeT variant, the dentipain domain of which was deleted. This strain was found to be significantly reduced in its abscess-forming activity compared with the parental strain in a murine abscess model, suggesting that dentipain contributes to the virulence of T. denticola.
Introduction
Treponema denticola is frequently isolated from human chronic periodontal lesions, together with Porphyromonas gingivalis and Tannerella forsythia (Socransky et al., 1998) , and has been strongly implicated in the development of this disease (Ishihara and Okuda, 1999a) . Recently, these microorganisms have been detected in the atherosclerotic plaque of patients with cardiovascular disease (Ishihara et al., 2004) , and also from Buerger's disease lesions (Iwai et al., 2005) . Several reports regarding colonization of the gingival crevice by T. denticola have suggested that this process is dependent on several virulence factors, including a major outer sheath protein, proteases and immunosuppressive activity (Ishihara and Okuda, 1999b) . The proteases of T. denticola have been shown to hydrolyze cytokines Okuda et al., 2007) , activate complement and generate iC3b (Yamazaki et al., 2006; McDowell et al., 2009) . These activities are suggested to be involved in the obliteration of host defense mechanisms. In addition, T. denticola proteases degrade several other host proteins, contributing to bacterial migration through the basement membrane (Uitto et al., 1988; Grenier et al., 1990; Ishihara et al., 1996) . Cumulatively, it is apparent that the proteolytic activity of T. denticola plays an important role in colonization, dissemination and induction of inflammation in periodontal tissues.
IdeS (also known as Mac) is an IgG-specific protease produced by S. pyogenes (von Pawel-Rammingen et al., 2002; Lei et al., 2003) . The survival of S. pyogenes within the host depends on its ability to avoid innate and adaptive immunoresponses. IgGs play an important role in the defense against invading microorganisms by opsonizing bacteria and facilitating their phagocytosis by neutrophils. IdeS/Mac cleaves the hinge region of IgG molecules, dissecting the antigen recognition (Fab) and effector (Fc) domains of immunoglobulins. Owing to its early and sustained expression during the growth of S. pyogenes, and its highly specific proteolytic activity, IdeS is thought to provide a very efficient defense against Fc-mediated phagocytic killing (Lei et al., 2002) . Oral spirochetes, including T. denticola, are also resistant to phagocytosis (Boehringer et al., 1986) , however, the mechanism of this resistance is unknown. In addition, T. denticola activates neutrophils with the help of cell surfaceattached extracellular proteases (Ding et al., 1996; Yamazaki et al., 2006) . As such, the finding that this bacterium might secrete a cysteine protease proves interesting, because proteases of this catalytic class are essential for the pathogenicity of other orofacial microorganisms (Chen et al., 1992; Lukomski et al., 1997) . In this study we have identified a protein ortholog of IdeS in the genome of T. denticola ATCC 35405, and demonstrated that it is indeed a functional pro- (ii) pIDEKO4, constructed using pMCL191, two ideT PCR generated fragments flanking the proteolytic domain (hatched bar and dotted bar) and an erythromycin resistance cassette derived from pVA2198. The restriction sites introduced during PCR are also shown; (iii) the ideT mutant locus detailing the dentipain region replaced with an erythromycin resistance cassette by homologous recombination. (B) (i) PCR amplification of the ideT locus using primers ID-1 and ID-4, which amplify from amino acid residues 172 to 640. Lane 1, T. denticola ATCC 35405; lane 2, T. denticola IDEKO4; lane 3, T. denticola Ide5; lane 4, T. denticola Ide6; lane 5, molecular size marker. (ii) PCR amplification of the ideT locus using primers ID-1 and CATU, which amplify from amino acid residues 172 to 417. Lane 1, T. denticola ATCC 35405; lane 2, T. denticola IDEKO4; lane 3, molecular size marker. tease which significantly contributes to the pathogenesis of T. denticola.
Results

Identification of a T. denticola IdeS homolog via in silico analysis
A homology search was performed using the amino acid sequence of the IdeS protease from S. pyogenes against the T. denticola ATCC 35405 genome sequence in the Oral Pathogen Sequence Databases (http://www.oralgen.lanl.gov/) at Los Alamos National Laboratories. A translated protein, encoded by a 2246-bp open reading frame annotated as TDE0362, showed significant homology with IdeS. We designated this protein and gene as IdeT and ideT, respectively ( Figure 1A ). Figure 2A shows the full-length amino acid sequence of the IdeT protein. An analysis for the presence of functional and structural motifs indicated that IdeT is probably expressed as a multidomain protein. The composition of this protein appeared to consist of a cleavable signal peptide ( Figure 2A , lowercase letters); a tandem of bacterial, immunoglobulin-like domains (pfam02368) (Figure 2A , bold) with similarity to the immunoglobulin-like protein of Clostridium thermocellum ( Figure 2B) ; a unique segment with no significant similarity to any sequence in the database; and a C-terminally located IdeS-like domain ( Figure  2A , italic). We termed this putative proteolytic domain dentipain. Dentipain shares 25-27% identity with IdeS proteases from several different serotypes of S. pyogenes, and with IdeE from Streptococcus equi. Furthermore, it shows similar levels of identity to the IdeS-like domains present in the YSIRK Gram-positive signal peptide (EAP40144), otherwise known as methyl-accepting chemotaxis protein, of Streptococcus suis (accession no. ABP89511); and to a hypothetical protein (locus tag, TVAG_486320) from Trichomonas vaginalis strain G3 ( Figure 2C ). Despite this low degree of homology, the residues that form the catalytic dyad, Cys and His, were strictly conserved, and the amino acids surrounding this region revealed a strong similarity to IdeS.
Defining the presence and expression of ideT in multiple strains of T. denticola
To verify the presence of ideT in strains of T. denticola other than ATCC 35405, genomic DNA was purified from strains ATCC 33520, 33521, 35404, 35405, and T. denticola strain GM1, and used as a template to amplify the gene using primer pair Ide1/Ide4 (Table 1) . In all cases an amplicon of the expected 1372 bp size was obtained, revealing that ideT is apparently conserved among strains of T. denticola ( Figure  3A) . Further to this, we subsequently confirmed the expression of ideT in growing cultures of T. denticola via RT-PCR analysis. To achieve this we conducted ideT-specific RT-PCR using mRNA from a late-exponential phase culture of T. denticola ATCC 35405, and primer pair IDEAF and IDEAR, which anneal at 171-197 bp and 1766-1792 bp of the ideT open reading frame. An approximately 1.6 kbp band was amplified ( Figure 3B , lane 2), which, along with the sequence of the open reading frame, indicates that the Ig-like domains and protease-domain are expressed as a single protein. An amplified fragment of 699 bp ( Figure 3C ), using primer pair ID-1/CATU was generated from late-exponential phase mRNA of T. denticola ATCC 35405, indicating that the ideT transcript, encompassing the dentipain domain, is expressed during growth of this organism.
To analyze the effect of the dentipain domain, a mutant deficient for this region was constructed using primers listed in Table 1 and shown in Figure 1A . Twelve clones (IDE-KO1-12) obtained from these transformations were screened via PCR analysis to confirm that inactivation of the ideT gene had occurred. Specifically, the ideT sequences flanking the IdeS-homologous region were PCR amplified using primer pairs ID-1/ID-4 (Table 1 ). One such clone (IDEKO4) yielded an amplicon that corresponded to the predicted size of ideT with the inserted erythromycin cassette ( Figure 1B , lane 2). To confirm the lack of putative protease domain this clone was further analyzed by PCR, using primers located within (CATU) and outside (ID-1) of the region encoding the projected catalytic activity. Thus a band of approximately 700-bp was amplified from wild type genomic DNA, whereas no such band was observed in the dentipain-deficient mutant, IDEKO4 ( Figure 1B ). Growth characteristics of the mutant IDEKO4 and the wild type strain were identical. To relate the discerned transcriptional expression to protein synthesis, we performed western blot analysis using antibodies raised against the protease domain preceded by the profragment, and against a peptide epitope in the middle of the protease domain (residues 219-647 and 498-511 of the IdeT protein, respectively, see Figure 2A ). Therefore, sonicated extracts of washed cells from late post-exponential phase cultures of T. denticola were subjected to SDS-PAGE and western blot analysis. This revealed a band of 43 kDa that was immunoreactive only with anti-protein antibodies (Figure 4B) ; whereas no reaction was observed with anti-peptide antibodies (data not shown). Interestingly, this band was observed in cell extracts of both the wild-type strain and the dentipain-deficient mutant. Apparently this represents the cell-associated N-terminal portion of IdeT, bearing the Igdomains and a polypeptide (residues 23-360) preceding the protease domain ( Figure 2A ). Clearly, the insertion of the antibiotic cassette disrupting the protease domain did not affect expression of the N-terminal fragment of IdeT.
To determine if the protease domain, which is located at the C-terminus, is released into the growth medium, culture supernatants of the wild type and the dentipain-deficient mutant grown in E-TYGV medium were analyzed by Western blotting. In this case both anti-protein and anti-peptide antibodies detected an immunoreactive protein of 45 kDa exclusively in the culture medium of the parental strain ( Figure 4D ,E).
Taken together these results confirm that the IdeT protein is produced by T. denticola. Moreover, our data indicate that after proteolytic cleavage of secreted IdeT, the N-terminal part of the protein is retained on the cell-surface, whereas the C-terminal IdeS-like domain is released into the media in soluble form.
The IdeS-like domain of dentipain possesses proteolytic activity
Conservation of the catalytic dyad residues in dentipain suggests that IdeT should possess proteolytic activity. Indeed, upon incubation of the recombinant dentipain with biotinylated E-64 (DCG-04, an irreversible probe specific for the active site of cysteine proteases) (Greenbaum et al., 2000) , covalently labeled dentipain was generated ( Figure 5 , lane 4). This biotinylation was abrogated by an excess of unlabeled E-64, confirming specific and covalent modification of the catalytic cysteine residue of dentipain by DCG-04 ( Figure 5 , lane 3).
To confirm proteolytic activity and obtain information regarding substrate specificity, recombinant dentipain was incubated with oxidized bovine insulin b-chain, and the reaction products analyzed by matrix-assisted laser desorption/ ionization time-of-flight mass spectrometry (MALDI-TOF MS). As shown in Figure 5 , the insulin b-chain was hydrolyzed into several discrete peptides with molecular masses of 1530.4, 1714.05, 1798.58 and 1982.68 Da, which did not undergo any further degradation. These four peptides were identified as insulin b-chain fragments encompassing residues 1-13, 1-15, 14-30, and 16-30, respectively (Table 2) . This indicates that dentipain cleaves insulin b-chain at two discrete sites; Leu-Val-GluxAla14 and Glu-Ala-LeuxTyr16, where 'x' indicates the hydrolyzed peptide bond (Figure 6 , inset). However, despite degradation of the insulin b-chain, dentipain did not show proteolytic activity towards IgG1, IgG2, or IgA, as well as general protease substrates such as azocoll and azocasein. Even after overnight incubation at high enzyme concentrations there was no significant cleavage of the immunoglobulins or digestion of other substrates (data not shown). This suggests that dentipain has oligopeptidase activity, and therefore does not cleave proteins.
Dentipain is required for full virulence of T. denticola
Bacterial proteases contribute significantly to virulence of pathogenic microorganisms (Potempa and Pike, 2009) . Therefore, to determine the contribution of dentipain to the pathogenic nature of T. denticola, we analyzed the abscessforming capacity of the isogenic ideT mutant strain, along with its parent. As can be clearly seen in Figure 7 , the size of abscesses formed by the mutant and wild-type strain were of similar sizes up to day 3, post-inoculation. However, after this time there is an apparent difference between the sizes of abscesses formed by these two strains, with those caused by the ideT mutant being considerably smaller than those of the parent. Further analysis revealed this difference in lesion size during prolonged infection to be statistically significant, and demonstrates that the proteolytic activity of IdeT is of the utmost importance to the ability of T. denticola to cause infection.
Discussion
What we have demonstrated here is the identification of a novel protease from T. denticola, which possess a discrete specificity, and is of considerable importance to the infectious capacity of this organism. In the IdeT protein, two welldefined domains, homologous to those found in proteins from Gram-positive bacteria, have been identified. The Nterminal tandem repeat of Ig-like domains shares homology with the C. thermocellum immunoglobulin-like protein. By contrast, the C-terminal domain of IdeT shows significant sequence similarity to the IgG specific endopeptidases of S. pyogenes and S. equi (Vincents et al., 2004; Lannergard and Guss, 2006) , and to a discrete domain present in a large secretory protein of S. suis described as methyl-accepting chemotaxis protein ( Figure 2C ). Therefore, ideT might appear to belong to a group of several genes in T. denticola, including aspartate carbamoyl transferase and dentilisin, which were apparently acquired from Gram-positive bacteria (Ishihara et al., 1992 (Ishihara et al., , 1996 . This contention is strengthened by the observation that the outer membrane lipids of T. denticola are far more similar to lipoteichoic acid than to lipo- (A) The IdeT sequence is represented in lower case, bold and italic characters which indicate the cleavable signal peptide, the tandem repeat of bacterial immunoglobulin-like domains, and the C-terminal region with primary structure similarity to IdeS, respectively. The underlined portion of the protein was deleted in the IdeT-deficient mutant, whereas the highlighted part was expressed as a recombinant protein. polysaccharide (Schultz et al., 1998) . Together these results indicate that T. denticola is a unique and fascinating pathogen that shares several traits and components with Grampositive microorganisms. Our analysis has shown that ideT is not only expressed during growth by the T. denticola type strain, but that it is conserved across several other T. denticola strains. The calculated molecular mass of the secreted IdeT protein is 71.5 kDa, but no protein of this mass was found to be reactive with anti-IdeT antibodies in T. denticola cell extracts or culture media. Instead, 43 kDa and 45 kDa polypeptides were detected in cell sonicates and growth media, respectively, indicating proteolytic posttranslational processing of the nascent IdeT protein. Interestingly, immunoreactivity of the 43 kDa band to anti-protein, but not anti-peptide, antibodies, specific to an epitope within the protease domain, indicates that this fragment is derived from the N-terminal portion of the IdeT protein. Conversely, the IdeT portion released into culture media apparently contains the C-terminally located protease domain. Therefore it can be concluded that, as with other proteases secreted by periodontal pathogens (Mikolajczyk et al., 2003; Mallorquí-Fernández et al., 2008; Karim et al., 2010) , dentipain is also subjected to proteolytic processing. In the case of the IdeT protein, proteolysis of the secreted protein leads to the N-terminal fragment containing the Ig-like domains being retained on the bacterial cell surface, and the C-terminal protease domain being released into the environment. The function of the N- Figure 5 SDS-PAGE analysis and active site probing of recombinant dentipain. Lane 1, molecular mass standards; lane 2, recombinant dentipain (5 mg loaded); lane 3, dentipain (1 mg) preincubated first with 100 mM E-64 and then treated with 1 mM DCG-04; lane 4, dentipain directly treated with 1 mM DCG-04. Samples were resolved by SDS-PAGE and either stained with Coomassie blue R-250 (lanes 1 and 2), or electrotransferred onto PVDF membranes. Membranes were blocked using 2% BSA and probed with horseradish peroxidase-conjugated streptavidine, before being developed with ECL reagents (lanes 3 and 4).
terminal, bacteria associated Ig-like domains remains to be elucidated.
Active site labeling using biotinylated E-64, and the insulin degradation assay indicate that recombinant dentipain is a functional cysteine protease, adding to the list of other known proteolytic activities secreted by T. denticola (Mikx, 1991) . Analysis of insulin cleavage sites indicates that, as with other members of the papain superfamily, dentipain specificity is dictated by recognition of the P2 residue (the penultimate residue upstream of the hydrolyzed peptide bond). However, in contrast to papain-like proteases, which favor large hydrophobic amino acids (Choe et al., 2006) , dentipain prefers small aliphatic residues (valine and alanine) at the P2 position. Despite the relative abundance of these residues in proteins, dentipain does not show broad proteolytic activity, and does not appear to cleave proteins. This finding argues that as with the BANA-peptidase, now referred to as oligopeptidase B of T. denticola (Lee and Fenno, 2004) , dentipain also possesses oligopeptidase activity. Conversely, it is possible that precise hydrolysis of the propeptide (the linker sequence) is required for dentipain to express full proteolytic activity.
It is clear that dentipain plays a significant role in the virulence of T. denticola, as demonstrated by the attenuation of the dentipain-deficient mutant in our murine abscess model. Importantly, this is despite the presence of the N-terminal portion of the IdeT protein. A significant difference was observed in areas of the abscesses in mice at 3 days after inoculation with IDEKO4 when compared with the wild-type strain. This is in keeping with results from our previous study, showing that lesion sizes in mice injected with a mutant deficient in the surface protease dentilisin was also lower at 3 days after injection (Ishihara et al., 1998) . Although lesions induced by T. denticola have been reported to be smaller than those induced by other periodontopathic bacteria, such as P. gingivalis and Aggregatibacter actinomycetemcomitans, T. denticola-induced lesions take considerably longer to resolve (Ebersole et al., 1995) . Therefore, it is clear that dentipain plays a role in bacterial survival, and exerts a toxic effect on host tissue upon infection, which is consistent with the observation that all of the known bacterial IdeS orthologs are considered to be important virulence factors (Agniswamy et al., 2004; Lannergard and Guss, 2006; Chen et al., 2007) . Taken together, these results suggest that the newly identified enzyme, dentipain, is a component of T. denticola proteolytic activity, and that this activity contributes to the pathogenicity of this organism. Further investigation is required to clarify how dentipain specifically functions in the physiology and pathogenesis of T. denticola; and in a broader context, what the role of the Ig-like domains of IdeT are, because these exert a variety of functions in bacterial proteins (Kataeva et al., 2005) .
Materials and methods
Bacterial strains
T. denticola ATCC 33520, 33521, 35404, 35405 and T. denticola strain GM1 were incubated in TYGVS medium under anaerobic conditions as described previously (Ishihara and Kuramitsu, 1995) . To investigate the secretion of the IdeS ortholog into culture supernatants by immunoblotting, modified TYGVS medium (E-TYGV) was used, in which 1% EX-CYTE (Milipore Corp., Bedford, MA, USA) replaced 10% serum. For analysis, culture supernatants were collected after T. denticola had been allowed to grow in E-TYGV for 3 days.
Escherichia coli DH5a and BL21 (DE3) were cultured using LB and LB agar. Where appropriate, antibiotics were added to LB media at the following concentrations: ampicillin 100 mg/ml and chloramphenicol 30 mg/ml.
In silico identification of the T. denticola IdeS homolog
Screening for the IdeS homolog was performed using the T. denticola ATCC 35405 genome sequence in the Oral Pathogen Sequence Database (http://www.oralgen.lanl.gov/) at Los Alamos National Laboratories. The specific analysis of derived sequences was performed using Genetics-Mac software version 14 (Genetyx, Tokyo, Japan).
Cloning, overexpression and purification of recombinant IdeT (219-647)
The ideT coding sequence, specifying the C-terminal IdeS homologous domain (indicated in Figure 2A , IdeT residues 219-647), was PCR amplified using primer pair OL31/OL33 (Table 1 ). The generated 942bp fragment was digested with BamHI and EcoRI and ligated into similarly digested pGEX5T (GE Healthcare UK Ltd, Little Chalfont, Buckinghamshire, UK). E. coli DH5a was used as a recipient for this ligation, with clones selected for using LB agar containing ampicillin. Plasmids were analyzed via restriction digest and DNA sequencing to confirm correct construction. The resultant plasmid (pLES167) was then purified and transformed into the E. coli expression host, BL21 (DE3). Overnight cultures (5 ml) of E. coli BL21 (DE3) containing pLES167 were used to inoculate test cultures to an OD 600 of 0.05, which were grown with shaking at 378C until the optical density reached 0.5-0.8. Isopropyl-b-D-thiogalactopyranoside (IPTG) was then added to a final concentration Figure 6 MALDI-TOF analysis of insulin b-chain degradation by dentipain.
Samples (1 ml) were added to 1 ml of matrix solution (saturated a-cyano-4-hydroxycinnamic acid in acetonitrile/water mixture 7:3 v/v) and transferred onto a SCOUT MALDI plate. Analysis was performed using a MALDI-MS Reflex IV spectrometer equipped with a ls331 nm laser and an ion time-of-flight (TOF) analyzer.
of 1 mM. After 3 h of cultivation at room temperature, the cells were harvested, disrupted by sonication, and homogenates cleared by ultracentrifugation. The supernatant from this step was then loaded onto a glutathione sepharose 4B purification affinity column. The matrix was washed thoroughly to remove non-binding proteins, and then incubated with thrombin to cleave GST from the GST-dentipain fusion protein immobilized on the matrix. The eluted dentipain was passed through benzamidine-sepharose to remove residual thrombin, and was then concentrated via ultrafiltration. All recombinant protein purification and cleavage steps were performed according to the manufacturer's (GE Healthcare UK, Ltd.) recommendations (GST Gene Fusion System Handbook).
Evaluation of the proteolytic activity of recombinant dentipain (IdeT 219-647)
To evaluate the proteolytic activity of the recombinant dentipain, 0.1 mg/ml of enzyme was preincubated at 378C for 30 min in 20 mM
Tris-HCl, pH 7.8, supplemented with 1 mM 2-mercaptoethanol and 5 mM EDTA. The activated enzyme (10 ng/ml final concentration) was then incubated with oxidized insulin b-chain (1 mg/ml) from bovine pancreas (Sigma, St. Louis, MO, USA) as a substrate. After 60 min of incubation at 378C the reaction mixture was mixed with matrix solution and analyzed using a MALDI-MS Reflex IV spectrometer, equipped with a ls331 nm laser and an ion time-of-flight (TOF) analyzer (Bruker Daltonics), at a 30-kV acceleration voltage in reflector mode. The molecular mass of the peptides observed in the spectra were aligned with the FINDPEPT tool available on the Expasy server (http://au.expasy.org/tools/findpept.html).
Insertional inactivation of the IdeT protease domain
To evaluate the contribution of ideT to the virulence of T. denticola, we constructed a knockout mutant by homologous recombination, as reported previously (Ishihara et al., 1998) . Briefly, two 500 bp DNA fragments flanking the IdeT protease domain (residues 361-417, see Figures 1 and 2) were PCR amplified using primer pairs ID-1/ID-2 and ID-3/ID-4 (Table 1 ). The amplified fragments were separately cloned into plasmid pMCL191 (Ishihara et al., 1998) to generate construct pISHI101. An erythromycin resistance cassette was then inserted at the confluence of these two fragments, in place of the proteolytic domain, generating pISHI102. pISHI102 was then linearized with EcoRI, and used to transform T. denticola ATCC 35405 by electroporation. The resulting transformants were isolated using TYGVS agar containing 40 mg/ml erythromycin.
Evaluation of dentipain expression levels via RT-PCR
Total RNA was isolated from T. denticola grown to late exponential phase using the Trizol (Gibco BRL, Grand Island, NY, USA) extraction method. The RNA was treated with RNase-free DNase (Qiagen, Valencia, CA, USA), followed by purification using an RNeasy kit (Qiagen). RT-PCR was performed using a one-step RNA PCR kit (TaKaRa Biomedicals, Otsu, Japan) and primer pair ID-1/CATU. Reverse transcription was performed at 508C for 30 min, followed by inactivation at 958C for 2 min. PCR reaction conditions were 30 cycles of denaturation at 948C for 30 s, annealing at 658C for 30 s and elongation at 728C for 1.5 min.
Preparation of antibodies against dentipain
Recombinant protein encompassing residues from 219 to 647 of the IdeT protein in phosphate-buffered saline (PBS, pH 7.2) was mixed with Freund complete adjuvant (1:1 volume ratio) and emulsified. Rabbits were immunized with 0.2 mg recombinant protein on a weekly basis (6 injections), with blood collected 6 weeks after the initial immunization. To prepare antibodies recognizing the C-terminal portion of the dentipain enzyme, a peptide QKNLGSIYPGLFC corresponding to residues 498-511 of IdeT located in the catalytic domain of the protein with an added C-terminal Cys residue was synthesized using F-moc chemistry. The peptide was conjugated to keyhole limpet hemocyanin using maleimidobenzoic acid N-hydroxysuccinimide ester. The conjugate (0.15 mg) was used to immunize rabbits (six bi-weekly injections), with blood collected 12 weeks after the initial immunization. The immunization and bleeding protocols were approved by the Animal Use Committee of Tokyo Dental College.
Immunoblotting
Washed T. denticola cells were disrupted by ultrasonication at 100 W for 5 min (SONIFIER-250, Branson, Dunbery, CT, USA), and unbroken cellular debris removed by centrifugation (10 000 g for 15 min). T. denticola culture supernatants were collected and concentrated using Centriprep YM3 filter units (Milipore Corporation). Sonicates of culture supernatants were subjected to SDS-PAGE analysis, with the resolved proteins electrotransferred to PVDF membrane (Immobilon, Millipore Corporation) as described previously (Ishihara et al., 1998) . Non-specific binding sites were blocked with 3% bovine serum albumin in PBS for 1 h. The membrane was washed with PBS containing 0.05% Tween-20 (PBST), and probed with anti-dentipain rabbit serum diluted 1000-fold. After washing with PBST, the membrane was incubated in a solution of peroxidase-conjugated goat anti-rabbit IgG, washed again, and developed with TMB Membrane Peroxidase Substrate (KPL, Gaithersburg, Maryland, MD, USA).
Evaluation of the significance of dentipain in T. denticola pathogenicity
The abscess-forming ability of the T. denticola IdeT mutant and its parental strain was tested using a murine model of infection, and evaluated as described previously (Kesavalu et al., 1997) . Briefly, 3-day cultures of T. denticola ATCC35404 or IDEKO4 were harvested and resuspended in PBS at a concentration of 1=10 9 cells/ml. Cell loads of 2=10 8 were subcutaneously inoculated into the dorsolateral surface of five Balb/c mice for each strain, and the size of abscesses measured daily for 6 days using a caliper gauge. The experiment was then repeated to confirm reproducibility, and statistical analysis was performed using the pooled data from both experiments.
